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Pt nanoparticles were deposited on mesoporous carbon sup-
port using two different Pt precursors, and the difference in mass
activity toward oxygen reduction between the two was success-
fully examined through direct observation of Pt nanoparticles
inside the mesopores. Existence of 1-nm-sized Pt particles on
the wall of mesopores was observed, and catalytic activity was
higher if the size of Pt particles inside the pores was smaller.
The size and stability of Pt catalysts encapsulated in nanospace
is key for catalytic activity.

Mesoporous materials1 have received attention, since their
pores are possibly used as catalytic nanoreactors if catalysts
are successfully deposited within the pores. Encapsulation of
catalysts in nanospace is also known to have an advantage on
minimizing the coalescence or sintering of catalysts.2 Among
mesoporous materials, mesoporous carbon (MC) is especially
interesting owing to its high conductivity, and it could be applied
to such things as electrode materials. Even so, successful depo-
sition of catalysts into a small pore less than 10 nm is challeng-
ing. MC materials synthesized through mesoporous silica tem-
plate are well studied, but their pores are normally 2–3 nm,
and Pt nanoparticles (usually 2 nm or larger) are deposited on
the defects in MC or at the entrance of mesopores.3,4 Their pores
are probably too small to use as catalytic reaction space. More
recently, direct synthetic methods of MC through self-organiza-
tion of surfactants and carbon precursors are being developed.5–7

The pore size is relatively large such as 10 nm in this method,
and pores are three dimensionally ordered.

In our group, we are interested in using such nanospace for a
cathodic reaction in polymer electrolyte fuel cells and would like
to develop a model of triple phase boundary inside the meso-
pores. In this nanospace, metal–support interaction is increased,
and there is an advantage of minimizing sintering of catalyst
particles.2 It will be key to successfully deposit well-dispersed
Pt metal catalysts within the pores. So far, we have developed
2-nm-sized Pt nanoparticle deposited MC with 7–8 nm pores
(Ptac/MC) using platinum(II) acetylacetonate precursor and
reported its distinctive catalytic behavior toward oxygen reduc-
tion.8 Recently, PtCl/MC was newly synthesized by simply
changing a Pt precursor to hydrogen hexachloroplatinate(IV).
Here, subscript Cl is used to distinguish which Pt precursor is
used, and ‘‘Cl’’ is not involved in actual catalyst content. When
mass activity toward oxygen reduction was compared, the reac-
tivity of PtCl/MC was higher than that of Ptac/MC. Here, we
have developed a successful method to explain the difference
in activity, through the observation at the cross section of Pt/
MC particles.

MC powder and Ptac/MC were synthesized following a
method in the literature.8 Pore size and surface area of MC were

7–8 nm and 600m2/g, respectively, and Pt nanoparticles were
2 nm, as stated. Regarding PtCl/MC, an acetone solution of hy-
drogen hexachloroplatinate(IV) hexahydrate (31.5mg H2PtCl6.
6H2O/1mL acetone) was added to MC powder (35mg) drop by
drop and further stirred at 60 �C until all the solvent was evapo-
rated. Then, it was transferred to an oven and heated under H2

flow while increasing the temperature from room temperature
up to 300 �C over 2 h. The % Pt in PtCl/MC was 27.0% based
on thermogravimetric analysis.

With newly prepared PtCl/MC, the reactivity toward oxygen
reduction as a cathode catalyst was studied and compared with
that of previously reported Ptac/MC.8 Details of electrochemical
analyses and mass activity (A/g Pt) plots of PtCl/MC and Ptac/
MC against potential (V vs. RHE) are shown in Supporting
Information 1.9 Here, we are interested in the potential region
of 0.75–0.95V vs. RHE, where kinetic reaction predominates,
and mass activity of PtCl/MC is higher than that of Ptac/MC,
as seen in Supporting Information 1.

To understand the difference in reactivity, PtCl/MC was
characterized by transmission electron microscopy (TEM), pow-
der X-ray diffraction (XRD), and nitrogen sorption. Dispersion
of 1.5-nm Pt particles on MC was seen through TEM observa-
tion. Much larger Pt particles, 8 nm and larger, were also ob-
served (Supporting Information 2).9 The position of Pt, outside
or inside the mesopores, cannot be determined from TEM im-
ages, but relative pore volume decreased after the addition of
Pt (Supporting Information 3),9 and so at least some of the Pt
was deposited inside the mesopores. Estimated average Pt size
from Scherrer’s equation using Pt(111) peak in obtained XRD
patterns (Supporting Information 4)9 was 22 nm, and this is be-
cause the large particles predominate over small ones on XRD
patterns. In contrast to PtCl/MC, as reported previously,8 the size
of Pt particles in Ptac/MC is 2 nm, and Pt particles are much
more dispersed onMC support. Therefore, with common charac-
terization methods of material, the difference in reactivity cannot
be explained.

Since we believe that successful deposition of Pt particles in
the mesopores is key, PtCl/MC was embedded by resin and
sliced to see the cross section without damaging the pore struc-
ture. The cross section was then examined by scanning transmis-
sion electron microscopy (STEM). Images of the cross section in
dark field are shown in Figures 1a and 1b. The cross section of a
whole particle is shown in Figure 1a. The edge of the image
indicates the surface of a PtCl/MC particle, and the middle part
of the image shows the inside of a PtCl/MC particle. The area
pointed by arrow in Figure 1a was observed by higher magnifi-
cation (Figure 1b). In the higher magnification image, aggrega-
tion of large Pt particles (white spots) is observed in the surface
region of the PtCl/MC particle, but if we look inside the particle,
the condition is totally different. A number of 1 nm or smaller Pt

346 Chemistry Letters Vol.38, No.4 (2009)

Copyright � 2009 The Chemical Society of Japan



particles were well dispersed (see also Supporting Information 5
and 6).9 Pt-deposited MC materials were reported by others be-
fore,10–13 but this is the first report actually showing Pt particles
inside the pores by looking through the cross section.

Similarly, the cross section of Ptac/MC was also observed
by STEM. As seen in Figure 2, 2-nm-sized Pt particles were well
dispersed also inside the mesopores (see also Supporting Infor-
mation 6).9 Therefore, PtCl/MC with much smaller Pt particles

inside the pores has shown higher reactivity than Ptac/MC with
2-nm-sized Pt particles. We would like to point out that smaller
Pt particles are preferred for catalytic reaction owing to their
higher surface area, but sintering is always a problem. However,
even very small particles (1 nm and smaller) can be stabilized if
they are encapsulated inside mesopores, and so small Pt particles
can still keep high reactivity. Details of electrochemical studies
on PtCl/MC catalyst are still underway and will be reported else-
where.

In conclusion, we have succeeded in direct observation of
Pt particles inside the mesopores, and 1 nm or smaller sized Pt
catalysts were well dispersed inside the pores of MC support.
Further, the possibility to use mesopores as catalytic reaction
space was indicated. We suppose that the size and stability of
Pt inside the pore is key to improve and preserve much larger
Pt surface area for oxygen reduction. Furthermore, we believe
that MC support could be applied for the most promising alloy
catalysts, and it might increase their activity and stability.
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Figure 1. STEM dark field images of PtCl/MC cross section.
(a) Lower and (b) higher magnifications.
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Figure 2. STEM dark field image of Ptac/MC cross section.
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